Abstract-We report the label-free rapid detection of single stranded DNA segments using lithographic Si nanograting (NG) FET devices coated with single stranded PNA probes. The NGFETs shows improved signal to noise ratio and similar sensitivity in comparison with the single nanowire FETs fabricated on the same chip. The limit of detection of our finFETs reaches sub-femtoMolar. The same devices do not respond significantly to high concentrations of noncomplementary DNA segments.
I. INTRODUCTION
Recently, nanoscale electronic sensors such as Si nanowires (SiNWs) field effect transistors (FETs) have emerged as an ultrasensitive and label-free platform for detecting charged biomolecules such as protein and DNA. [1] [2] [3] [4] DNA is nucleic acid that comprises the necessary hereditary information essential for execution and advancement of living organisms. DNA contains negative charges in most solution conditions and its charge is more stable and less dependent on solution salt and pH variations than that of protein. This makes DNA an ideal target for NW bio-FETs. Previously, several groups have reported DNA sensing with NW FETs, using either CVD grown SiNWs or lithographically defined NWs on silicon on insulator (SOI) substrates. Various detection limits from 1femtoMolar (fM) to picoMolar (pM) ssDNA has been reported using both DNA or PNA probes. [2, [5] [6] [7] In our previous studies, we have reported the use of multiple lithographic nanowires or nanograting FETs (NGFET) instead of conventional single nanowire design to detect proteins with improved reliability and uniformity by avoiding discrete dopant fluctuations. [4] [8] Here, we investigate the performance of NGFETs for detecting DNA segments and the effects of the number of nanowires on sensitivity and signal to noise ratio (SNR). We found that NGFETs and single NWFETs made on the same chip using the same fabrication process show similar sensitivity of detection, while the NGFETs have much improved SNR. With the non-charge single strand peptide nucleic acid (ssPNA) probes anchored on the NG surfaces, the NGFETs shows detectable conductance change among the background noise when sub-fM, even 100 zepto-molar ssDNA targets were introduced to the sensor, while non-complementary Figure 1 shows the cross-sectional schematic of NGFET biosensor configuration, which consists of three components: 1) NGFET device; 2) surface chemistry; 3) solution delivery and biasing. Bio-NGFETs used in this study were fabricated from p-type SOI substrates with a low doping concentration of boron at 10 15 /cm 3 with 145 nm thick buried oxide (BOx). Details of fabrication are reported elsewhere. [8] Photolithography and Cl2 plasma etching were applied to define active device area and source drain contact pads. Ion implantation with phosphorous was used to form source drain junctions for NMOS. Then, e-beam lithography and Cl2 plasma etching was used with hydrogen silses quioxane (HSQ -Dow Corning Co.) to define the Si nanograting with each nanowire measured as ~50 nm in width, 30 nm in height, 20 µm in length. A 3 nm SiO2 layer was thermally grown around the nanowires as gate dielectrics. The area other than the grating was passivated by silicon nitride. Figure 2 shows the optical image and an SEM image of a fabricated NGFET device. U.S. Government work not protected by U.S. copyright 4.0x10 -7 6.0x10 -7 8.0x10
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B. Surface Chemistry with PNA Probes
It's been already reported that PNA probes offer significant advantages over DNA probes for sequencespecific DNA sensing in terms of higher sensitivity and specificity, faster hybridization, and minimal dependence on ionic strength of the solution. [9] The structures of PNA is similar to that of DNA, except that the negatively-charge deoxyribose phosphodiester backbone of DNA was replaced by a neutral peptide like backbone. PNA constitute very stable duplexes with DNA with both the bases purine (A, G) and pyrimidine (C, T) [10] . The structure of PNA and DNA is shown schematically in the inset schematic of Figure 1 . PNA binds to its complementary nucleic acids with higher affinity and specificity compared to traditional oligonucleotides. The neutral backbone also implies a lack of electrostatic repulsion between the PNA and DNA strands (unlike that existing between two negatively-charge DNA oligomers), and hence a higher thermal stability of PNA/DNA duplexes with Tm largely independent of salt concentration [10, 11] in the hybridization solution [12, 13] . Thus, binding of a PNA oligomers with its nucleic acid target can happen in the absence of salt [12, 14] . Also, it was demonstrated that PNA oligomers possess high biological stability due to their proper interbase spacing as DNA. [15] For DNA detection, we chose PNA as a capture probe over DNA, mainly due to two main advantages of PNA: first, PNA can produce ultralow background electric charges as PNA is neutral; second, it can increase the rate and efficiency of the hybridization. The neutral backbone of the PNA reduces formation of dense charge layer which allows hybridization to take place at low ionic strength (favored by bio-FETs) and at a faster rate with a greater affinity than DNA. Also, the neutral backbone of the PNA minimizes the build-up of a strong electrical field at the Si-NG surface which results in smaller background noise.
The Si-NG area was first treated with piranha for 60sec to increase hydroxyl group density of the SiO2 surface. The Si-NG surface was chemically modified with 1% APTES in anhydrous ethanol for 30 mins. A bifunctional linker Gluteraldehyde (GA) was then used to bind the PNA probe onto the APTES coated Si-NG surface. To achieve that, the Si-NGFETs were treated with 2.5% GA in 50mM Kphosphate buffer at pH 7.35 for 1 h. Then, 10 µM PNA in 2 mM K-phosphate buffer was applied onto the Si-NG area for 12 hrs. After immobilization, unreacted PNA probes were washed away with buffer. Later, the unreacted aldehyde groups were passivated with 5 mM ethanolamine for 5 hrs. PNA probe molecules with amino-terminated at N-terminal was chosen for this experiment (Biosynthesis Inc, TX). Short DNA segments are chosen in this study to have weaker binding affinity so that repeated sequential testing can be done in situ by using buffer solution to flush away the target DNAs to restore the same device back to the baseline signal. In this study, the sequence of the PNA capture probe is 5'-ACTCTTGAGCTC-3'. The target DNA is designed as 3'-TGAGAACTCGAG-5'.
A non-target DNA 3'-TGAGTACAGCTG-5' was used as for negative control experiments. The non-complementary DNA has 5 mismatch base pair. Please note that the received DNA probes from our vendor may have the reversed sequences for the target and non-target DNA. If so, the binding sequences between the PNA-DNA are 3 base pairs instead of 12 for the target DNA segments. Nevertheless, we did observed selective sensing results using these short DNA segments to test our device sensitivity. Figure 4 shows the current versus time data obtained with an ssPNA-functionalized Si-NG device with 100 nanowires of 50 nm in width, 30 nm in height, and 20 µm in length. 2mM K-phosphate buffer solution with pH 7.6 was flowing over the Si-NG area before the exposure to any target ssDNA solutions. The Si-NG was biased with the solution gate (VSG) shown in Figure 1 at the sub-threshold region for high sensitivity, as the device current exponentially correlates to the surface charge of the NG. As shown in Figure 4 , a stable baseline current was observed for region I when pure buffer solution without the target DNA was introduced. However, as shown in region II, an obvious decrease in current was observed when the same buffer solution added with 100 atto molar (aM) target DNA molecules was introduced to the Si-NG area, as expected for a typical n-type device. The decrease in current is likely due to the accumulation of negative surface charges when negatively charged target DNA molecules bind to the neutral PNA probes during the hybridization. DNA detection experiments were carried out further by monitoring the changes in the drain current of the Si-NGs before and after the same K-phosphate buffer solution added with different concentrations of the target DNA from 100 zM (zepto molar) to 10 fM. Between introducing each sample, the pure K-phosphate buffer solution without DNA is injected to flush the device and restore to the baseline current for repeated tests. Figure 5 shows the results of these sequential tests of various DNA samples. The "Buff" and the arrows indicates the time when the pure buffer solution was introduced to flush surface and restore the baseline signal between different DNA samples. All DNA samples caused signal drops as expected, as negatively charged DNA segments bind to the PNA probe on the NG surface should reduce the NG conductivity. Higher concentrations of target DNA appeared to cause larger signal drops. A signal drop was observed even for concentrations as low as 100zM, and a steady-state drop for the 100 aM DNA sample. A substantial drop (~35%) in the current was observed for the 1fM DNA solution. However, the signal drops saturated for further injection of a higher concentration of the target DNA solution (10 fM). One reason can be that since only few unoccupied binding sites were available for the additional molecules for further hybridization to happen, the binding and the resulting signal change reaches saturation. Moreover, when 100 aM DNA was tested, conductance change is about 5%. Further dilution of DNA concentrations resulted in low conductance change (1-3%), which however can be well measured with the improved signal to noise ratio of the devices. It implies the detection limit of our sensors can potentially down to 100 zM, which is remarkably high.
III. RESULTS AND DISCUSSIONS

A. DNA Detection Results
B. Specificity and Dynamic Range
The results in Figure 5 show that the Si NGFET can be highly sensitive to low concentrations of target DNA samples. However, it is still not clear if the target DNA is physically absorbed on the surface or selectively attach to the PNA probes, as either case can cause similar signals. To find out which case is happening, we performed control experiments with non-target or non-complementary DNA samples to test if non-specific binding of DNA can cause similar signals. We injected the same buffer solution added with different concentrations of non-target DNA from pM to 100 nM. The sensor responded slightly to these samples. To compare the device response for both target DNA samples and non-target DNA samples, we extracted and plotted the sensitivity vs. DNA concentrations for both cases. As shown in Figure 6 , blue curve shows the sensor responses to the increasing concentrations of target DNA, while green curve shows that of non-complementary DNA samples. An increase of sensor response was observed with the increase of target DNA concentration. While the non-specific target DNA does not generate obvious signals beyond noise level even at high concentrations. This result indicates that the sensing of target DNA is selective and non-specific binding did not cause significant sensor response. We would like to discuss some potential issues or uncertainty involved in our experiments. The first is the rapid detection time. Although most literature shows similar quick responses, it is still against intuitive sense of binding process and remains a puzzle in the field. Our recent Target DNA Non-Target DNA simulation results show one possible reason is the electric field induced diffusion enhancement. [4] [16] There are also secondary features in the sensing curves shown in Figure 5 that we don't fully understand. In addition, the exact concentrations of DNA samples in this study were calculated based on the dilution of high concentration samples, which may not be the exact concentrations in the sample and may cause some result variation. For example, in Figure 5 , 100zM to 10aM shows similar signal drops. Some of these issues are been investigated in our lab for the future work.
C. Effect of number of nanowires
In our previous study, we found that the number of nanowires in our NGFETs have profound effects on the performance variations and uniformity of sensor devices due to channel doping fluctuations [8] . Here, we further study the effects of nanowire plurality on the sensor performance. We observed that both NGFETs and single NWFETs show similar sensitivity or detection limit for the same target DNA (results not shown due to page limits). However, the number of nanowires greatly impacts the SNR during sensing. Table  1 shows the measured signal and noise levels during the sensing experiments. The 100 nanowires design in NGFETs has significantly enhanced the SNR (>250% improvement). 
IV. CONCLUSION
In summary, we investigated the performance of SiNGFETs for detecting DNA segments. With the non-charge ssPNA probes anchored on the NG surfaces, the NGFETs shows detectable conductance change for sub-fM, even 100 zepto-molar ssDNA targets, while non-complementary ssDNA do not generate similar signals even at 10nM, indicating good selectivity. We also found that NGFETs and single NWFETs made on the same chip using the same fabrication process show similar sensitivity of detection, while the NGFETs have much improved SNR.
